Contacts between high critical field superconductors and semiconductor nanowires are important in the context of topological quantum circuits in which superconductivity must be sustained to high magnetic fields. Here we demonstrate gate-tunable supercurrent in NbTiN-Ge/Si core/shell nanowire-NbTiN junctions. We observe supercurrents up to magnetic fields of 800 mT. The induced soft superconducting gap measured by co-tunneling through a quantum dot is 220 µeV. To improve contact transparency, we deposit an aluminum interlayer prior to NbTiN and observe a systematic change in the device pinch-off voltages with aluminum thickness. We inform future multi-step device fabrication by observing that aluminum anneals with the Ge/Si nanowire at 180 ℃, the baking temperature of common electron beam lithography resists.
Josephson junctions based on semiconductor nanowires (NWs) have become a fertile research platform in recent years. Charge tunanbility of semiconductors has been used to implement supercurrent transistors 1 , Josephson π-junctions 2 and Cooper-pair beam splitters 3 . Theoretical proposals for realizing Majorana zero modes in semiconductor-superconductor hybrid structures 4, 5 have led to a series of experiments aiming at the elucidation of Majorana fermions 6, 7 . These works focused on nanowires with strong spin-orbit interaction, large g-factors, ballistic transport along the NW, and induced superconductivity in the NW.
Ge/Si core/shell NWs were proposed as candidates for Majorana studies, which requires high mobility, strong spin-orbit interaction, large g-factors and induced superconductivity 8 . Observation of one-dimensional hole gas 9 suggests (quasi-)ballistic transport in junctions made in these NWs. Strong spin-orbit interaction has been predicted 10 and pointed at by several experiments 11, 12 ; enhanced g-factors were reported 11, 13 . Supercurrents were observed in Al-Ge/Si-Al junctions 14 . However, pure aluminum is not suitable for future development of advanced topological quantum circuits based on Majorana fermions due to the low bulk critical magnetic field of aluminum.
In this paper, we report superconductivity in Ge/Si NWs induced by niobium titanium nitride alloy contacts. NbTiN has a high critical magnetic field of more than 10 Tesla. We demonstrate the Josephson supercurrent through the NbTiN-Ge/Si-NbTiN junctions and investigate its magnetic field behavior. We evaluate the induced a) Electronic mail: frolovsm@pitt.edu gap in the nanowire through tunneling in the pinched-off regime of the junction. We find that a Ti or Al interlayer between the Ge/Si nanowire and NbTiN improves the contact transparency. We investigate the effect of the Al interlayer on the nanowire device pinch-off voltage, and report the effect of aluminum alloying with the nanowire.
The devices are fabricated on doped Si substrates which serve as back gates, and are covered by thermal SiO 2 (285 nm) and chemical vapor deposited Si 3 N 4 (50 nm) ( Fig.1(a) ). Ge/Si nanowires [15] [16] [17] with core diameters of 20-40 nm and shell thickness of 2 nm 18 are positioned on the substrates using a micromanipulator 19 . The superconducting leads are patterned by electron beam lithography with nominal spacing of 200 nm followed by magnetron sputtering of NbTiN. A 3 nm interlayer of Ti (devices A and B) or Al (device C) is deposited prior to NbTiN. Before metals deposition, a twosecond buffered hydrofluoric (BHF) acid etch is applied to remove the NW surface native oxide. In-situ argon plasma cleaning yielded higher contact resistances than BHF cleaning. We perform transport measurements in a dilution refrigerator with the base temperature of 40 mK.
A typical current-voltage (IV) characteristic is shown in Fig.1(b) . Because the charge carriers in Ge/Si NWs are holes, a more negative back gate voltage V bg leads to a lower normal state resistance (R n ) and a higher switching supercurrent (I c ). The excess current (I exc ) due to Andreev reflection extracted from the IV traces is in the range of 1 − 4 nA. Contact transparency is estimated using the Blonder-Tinkham-Klapwijk theory from the ratio eI exc R n /∆ in ∼ 0.05, where e is the elementary charge. This corresponds to a transparency of ∼ 15% in the short junction limit 21 . Note that this is a lower bound estimate on the contact transparency since the ratio above is reduced for finite length junctions 22 . On the other hand, the eI c R n /∆ in ratio is 0.2 (the ratio to bulk gap is 0.03, given a NbTiN critical temperature T c = 11 K) which is lower than the theoretical limit of π. Limited contact transparency and premature switching out of the supercurrent state caused by thermal activation can contribute to the reduction of the I c R n product 23 . The fact that supecurrent in Ge/Si nanowires is carried by holes which have a different momentum J than electrons in the lead superconductor may also contribute to this reduction, though this aspect is so far unexplored.
Magnetic field evolution of supercurrents in two devices is presented in Figs.1(c,d) . The switch out of the supercurrent state and into the finite voltage state corresponds to a peak in dV /dI. It is clearly visible up to 400 mT but can also be traced to higher fields. Both devices demonstrate monotonous decrease in I c as magnetic field is increased. The fact that supercurrent survives to higher fields in device B is consistent with the field aligned closer to the nanowire axis in this device, which reduces the magnetic flux threading the junction area for a given field. No nodes or oscillations in the switching current are observed up to fields of 1 Tesla, throughout the range of resolved supercurrent features. Assuming purely Fraunhofer-type interference within the junction only (zero field in the leads), the first node is expected at 300 mT for device A and 600 mT for device B, though other geometrical factors such as the circular nanowire cross-section and Meissner effect may contribute to the absence of the nodes. The semiconductor nanowires are tuned to the multi-mode regime with several transverse one-dimensional subbands occupied, a factor which favors critical current oscillations due to inter-mode interference influenced by magnetic field. As part of evaluating the prospects of hybrid junctions studied here for the realization of Majorana zero modes, we measure the induced superconducting gap ∆ in . The gap is studied in the co-tunneling regime through unintentional quantum dots formed in the junctions near pinch-off 26 . Fig.2(a) shows differential conductance in device C as a function of back gate voltage. The boundaries of Coulomb diamonds are broadened due to cotunneling, as the quantum dot barriers remain low. We observe a pair of sharp horizontal resonances of high differential conductance located symmetrically around zero bias at V sd = 2∆ in = ± 440 µV . At biases in between the peaks conductance is suppressed but remains nonzero. Thus the induced superconducting gap here is of the so-called "soft gap" type (see Fig.2(b) ). This is not ideal for topological quantum circuit applications since any subgap conductance obfuscates signatures of Majorana fermions and leads to topological qubit decoherence. Possible causes of the soft gap are disorder and quasiparticle poisoning 24, 25 . The soft gap observed here is of the same magnitude as in an early Majorana study based on InSb nanowires 6 . Since the same NbTiN alloy was used in both cases, the soft gap may be related to the properties of the NbTiN film, such as its granularity and alloy disorder. Relatively small interface transparency of devices studied here can also be a contributing factor.
To improve the yield of transparent contacts we explore contact annealing in the presence of forming gas (5% H 2 and 95% N 2 ) at 1 bar. For NbTiN contacts with thin Al or Ti interlayers (3 nm), no measurable change in the saturation resistance is observed after annealing at temperatures up to 400 ℃. However, we observe that pure Al contacts alloy rapidly, within seconds, at temperatures as low as 180 ℃. Fig.3(a) demonstrates the alloying of 200 nm regions next to each contact. Saturation junction resistances are reduced by more than one order of mag- nitude after the annealing and low resistance (≤ 10 kΩ) devices are obtained with a relatively high yield of ∼ 1/4 for pure Al contacts. It is important to be aware of the Al-alloying effect because the annealing temperature is close to the temperature used during standard nanofabrication. For example, electron beam resist PMMA is baked at 180 ℃, so if top gates are fabricated after pure aluminum contacts, those contacts are going to be annealed with the nanowires. We find that the pinch-off voltages of the junctions can be modified by changing the thickness of the Al interlayer. Figs.3(b),(c) show the low temperature pinchoff voltage data from many unannealed devices with different Al and NbTiN layer thicknesses. Devices based on NbTiN with a thin Al interlayer have large positive pinch-off voltages. The increase of Al thickness reduces the pinch-off voltages until ultimately the pinch-off voltage becomes negative. The pure Al contact results on average in negative pinch-off voltages in these devices.
The pinch-off voltages can also be affected by the interface between the NW and the gate dielectric. We observe that the pinch-off voltages tend to shift to more positive values when HfO 2 is used instead of Si 3 N 4 . Combined effects of varying dielectric and the contact stack offer a pathway to adjusting the working point of a device to be close to zero gate voltage, which is expected to minimize charge noise.
In summary, we developed superconducting contact recipes for Ge/Si NWs based on NbTiN, a superconductor with a high critical magnetic field. Josephson junction devices based on these recipes exhibit gatetunable Josephson current which can survive under magnetic fields up to 800 mT. An induced superconducting gap of 220 µeV is measured, although the sub-gap conductance remains significant. Our systematic fabrication and transport measurement studies show that increasing the Al interlayer thickness modifies the pinch-off voltages of the devices dramatically, from positive to negative values, and that contacts with thicker Al layers can be annealed in order to obtain transparent contacts with higher yields. The present results indicate promise for a future realization of Majorana zero modes in this materials system, although further studies are required to achieve "hard" induced gaps 27 . The Ge/Si nanowire growth was performed at the Center for Integrated Nanotechnologies (CINT), U.S. Department of Energy, Office of Basic Energy Sciences User Facility at Los Alamos National Laboratory (Contract DE-AC52-06NA25396) and Sandia National Laboratories (Contract DE-AC04-94AL85000). We thank E. 
